Abstract-The influence of tartaric acid and pH on chemical composition, morphology, surface area, and porosity of short-range ordered A1 precipitation products was studied. Samples were prepared (1) at pH 8.0 and at the tartaric acid/Al molar ratios (R) ranging from 0 to 0.25 and (2) at R = 0.1 and in the pH range of 4.7 to 10.0. In A1 precipitation products formed at pH 8.0, the organic C content increased from 8 g/kg (R = 0.01) to 93 g/kg (R = 0.25), whereas the A1 content decreased from 363 g/kg (R = 0.01) to 271 g/kg (R = 0.25). The specific surface of the materials was particularly high (>400 m2/g) when samples were prepared at R < 0.1, but drastically decreased when samples were prepared at R > 0.1 (e.g., 78.6 m2/g at R = 0.25). When the C content was relatively high (>45 g/kg), aggregation between the particles was promoted, and the specific surface, thus, decreased. Electron optical observations showed that such samples were strongly aggregated. In the materials prepared at R = 0. l, but at different initial pH values, the C content decreased from 90 g/kg (pH = 4.7) to 25 g/kg (pH = 10.0). As a consequence, the lower the initial pH, the lower was the specific surface of the A1 precipitation products. Tartaric acid plays an important role in both pertubation of crystallization of A1 hydroxides and promotion of aggregation of the reaction products. The two processes counteract in influencing the specific surface and pore volume of A1 hydroxides.
INTRODUCTION
The mineralogy, crystallinity, and reactivity of A1 precipitation products are influenced mainly by pH, clay minerals, nature, and concentration of organic and inorganic ligands present in soils (Wefer and Bell, 1972; Barnhisel and Rich, 1965; Hsu, 1967; Violante and Jackson, 1981; Inoue and Huang, 1985; Huang and Violante, 1986; Huang, 1988; Hsu, 1989) . In the absence of perturbing organic or inorganic anions noncrystalline aluminum hydroxides rapidly convert into AI(OH)3 polymorphs. On the contrary, in the presence of foreign anions, the rate of crystallization is substantially delayed or completely inhibited Huang, 1975, 1981; Violante and Violante, 1980; Violante, 1985; Violante and Huang, 1985) .
Low-molecular-weight organic acids present in soils are mainly carboxylic and oxycarboxylic acids. They are usually released upon the decay of plant and animal tissues as well as from rhizosphere activity and microbial action (Stevenson, 1967; Huang and Violante, 1986) . In previous works the influence of selected organic acids on hydrolytic reaction, precipitation, and crystallization of aluminum as well as on the formation and properties of short-range ordered aluminum preCopyright 9 1992, The Clay Minerals Society cipitation products has been studied (Violante and Violante, 1980; Kwong and Huang, 1981; Violante and Huang, 1984, 1989; Huang and Violante, 1986) . It has also been demonstrated that tartaric acid, which is common in soils and an exudate of roots of cereals and solonaceous crops (Stevenson, 1967; Huang and Violante, 1986) , is the most effective low-molecular-weight organic acid (1) in inhibiting AI(OH)3 crystallization; (2) in promoting the formation of noncrystalline A1-oxides (Violante and Violante, 1980; Violante and Huang, 1985) ; and (3) in perturbing the formation of allophane and imogolite (Inoue and Huang, 1986) . To date no research has been carried out on the chemical composition and physicochemical properties, especially specific surface and porosity, of short-range ordered Al precipitation products formed in the presence of increasing concentration of strong chelating organic ligands such as tartaric acid under a wide range of pH conditions. Laboratory research on organic ligands-Al associations are of importance in order to better understand some properties oforgano-mineral complexes present in soils. Multifunctional organic ligands associated with trivalent metal cations (A1 and Fe) may act as stabilizing agents in the formation of aggregates 462 (McKeague et al., 1986) . Furthermore, although the effect of drying and heating on the specific surface of aUophane and imogolite has been studied (Egashira and Aomine, 1974) , information on the effect of heating on surface area and porosity of organo-mineral complexes is scarce.
The objectives of this work were to study: (1) the chemical composition, morphology, surface area, and porosity of short-range ordered AI precipitation products formed in the presence of different amounts of tartaric acid (tartaric acid/A1 molar ratio ranging from 0.01 to 0.25) at different pH values (from 4.7 to 10.0) before and after heating at 110"--600~ and (2) thermal stability of co-precipitated organic ligands and the protective effect of short-range ordered A1 hydroxides.
EXPERIMENTAL

Preparation of precipitation products of aluminum
Two liters of solutions of 1 x 10 -2 M AlE13 in the absence or presence of tartaric acid were titrated with 0.1 M NaOH at a rate of 1 ml/min to adjust a final pH in the range 4.7-10.0. During the titration the solution was thoroughly stirred and its final volume was then adjusted to 4 liters to give the A1 concentration of 5 x 10 -3 M. In the systems where tartaric acid was introduced, the final concentration of tartaric acid ranged from 5 x 10 -5 to 1.25 x 10 -3 M.
The samples were prepared at (1) the same initial pH (8.0), but increasing tartaric acid/A1 molar ratios (R) from 0 to 0.25; and (2) the same tartaric acid/A1 molar ratio (R = 0.10), but different initial pH (from 4.7 to 10.0). Table 1 shows the initial tartaric acid/A1 molar ratio and pH of all the samples studied. The materials were aged for 30 days at room temperature. The precipitates, collected by ultrafiltration and washed with distilled water through a Millipore M.F. filter of 0.025 /~m pore size, were freeze-dried and slightly ground to pass a 100-mesh sieve.
Analyses of precipitation products of aluminum
The specific surface of the samples was determined by the gravimetric method based on the retention of ethylene glycol monoethyl ether (EGME) as described by Eltantawy and Arnold (1973) . BET surface area and porosity at 25~ and after heating at 200 ~ 400 ~ or 600*C of some selected samples were obtained from the analyses of the nitrogen adsorption-desorption isotherms. The samples were outgassed at room temperature and equilibrated under a vacuum (< 10 -4 torr) for at least 2 hr before the adsorption-desorption isotherms were measured. The isotherms were obtained at -196"C using a conventional volumetric apparatus.
Total A1 contents of the precipitation products of A1 were determined by the aluminon method (Hsu, 1963) after dissolution of the samples and destruction of organic ligands by digestion with nitric and sulphuric acid. The organic C in the precipitates before and after preheating for 12 hr at 200 ~ 300 ~ 400 ~ and 600~ was determined using a Hewlett-Packard Model 185 R-l, Carbon, Hydrogen, Nitrogen analyzer (Violante and Huang, 1984) . The content of structural H20 in the samples was determined by the weight loss between 100 ~ and 1000~ and by subtracting the content of tartrate present in the precipitates. The contents of tartrate were calculated on the basis of organic C at 25~ The content of AI203 was determined by the residue weight at 10000C. All analyses were replicated three times.
X-ray diffraction analyses of the samples were obtained with a Philips X-ray diffractometer, using Cuka radiation generated at 35 kV and 16 mA. Samples were mounted in a holder to obtain random orientation of the particles.
For differential thermal (DTA) and differential thermogravimetric (DTG) analyses, 25-50 mg of the samples were heated under static air in a Netzsch Thermal Analyzer from 25* to 1000*C at a rate of 10~ using alumina as the reference material. Transmission (TEM) and scanning (SEM) electron micrographs were taken with Philips model EM 300 and Cambridge Instrument MARK IIA, respectively.
RESULTS AND DISCUSSION
Chemical analysis
The data in Table 1 show that the amounts of AI and organic carbon present in the precipitates differed from sample to sample, depending on the initial tartaric acid/Al molar ratio (R) and pH. In the A1 precipitation products formed at pH 8.0 and at different tartaric acid/Al molar ratios, the amount of A1 decreased from 363 g/kg (R = 0) to 271 g/kg (R = 0.25). The content of organic carbon increased from 8 g/kg (R = 0.01) to 93 g/kg (R = 0.25), evidently because organic ligands competed with OH ions for the occu- pation of the coordination sites of A1 (Huang and Violante, 1986; Huang, 1988; Hsu, 1989) . By increasing the R 25 times (from 0.01 to 0.25), the C content and the final tartaric acid/Al molar ratio in the solid phases (Rs) increased 11.6 and 19 times, respectively. In the samples formed at R = 0.1 and at different initial pH values, the content of Al increased from 259 g/kg to 320 g/kg. The content of organic carbon decreased from 90 g/kg to 25 g/kg by increasing the pH from 4.7 to 10.0. OH ions at higher pH values predominated and inhibited the co-precipitation or adsorption of tartrate anions. The Rs values of these materials were higher than the R values at pH < 6.0, but were lower than the R values at pH -> 6.0. Finally, the H20+/A1203 molar ratio of all the samples ranged from 1.84 to 2.98 (not shown).
X-ray diffraction analysis
The material formed in the absence oftartrate showed peaks characteristic of bayerite (Figure 1 a) , whereas all the A1 precipitation products formed in the presence of tartrate appeared to be noncrystalline to X-ray or very poorly ordered materials after 30 days of aging (Figures lb-lh) . The samples formed at pH 8.0 and R = 0.01 and 0.025 (Figures lb and lc) or at pH 10.0 and R = 0.1 (Figure 1 h) showed very broad peaks at 6.06-6.23, 3.13-3.18, and 2.32-2.35 /k, which are characteristic of pseudoboehmite, a short-range ordered boehmite (Violante and Violante, 1980; Violante and Huang, 1984, 1985; Huang and Violante, 1986) . The pseudoboehmites formed at pH 8.0 (Figures lb  and lc) , however, appeared to be of a much lower degree of crystallinity than the material formed at pH 10.0 (Figure lh) . This is in accord with the finding of Tettenhorst and Hofmann (1980) and Violante and Huang (1984) . The diffractograms of all the other samples appeared almost completely flat (Figures ld-lg) .
Electron microscope observation
The morphology of A1 precipitation products appeared to vary with the amount of organic molecules co-precipitated in the samples and the pH (Figure 2 ). Scanning electron microscopic observations (SEM) showed that A1 precipitation products containing high C contents (>45 g/kg of C; Table 1 ) appeared to have less wrinkles and hollows (Figures 2d and 2e ) and to be less porous than the samples containing lower C contents (Figures 2a-2c) , evidently because organic ligands strongly promoted aggregation among the particles, as will be discussed below. In the sample formed in the absence oftartrate pyramidal crystals ofbayerite were observed (Figure 2tl . TEM observation of this sample showed presence of triangular crystals of bayerite and shapeless material (not shown).
Thermal analysis
Differential thermal analyses of some selected samples ( Figure 3A ) showed endotherms at 140~176 and 420~ and exotherms at about 400", 490 ~ 750 ~ and 850"C. The endotherms at 140~176 attributed to sorbed water (Figures 3Aa-3A11 , was an important feature of all patterns; the endotherms at about 420~ characteristic ofpseudoboehmite, appeared only in the samples formed at pH 8.0 and R = 0.01 or 0.025 (Figures 3Ab and 3Ac) and at pH 10.0 and R = 0.1 ( Figure 3A11 . The sample prepared in the absence of tartrate showed an endotherm at 310~ (Figure 3Aa ), which is attributed to AI(OH)3 polymorphs (Hsu, 1989) .
The exotherms at about 400", 490", 750", and 850~ were attributed to oxidation of organic ligands present in the solids. The exotherms at about 750* and 850~ (Figures 3Ad and 3Ae ) appeared clearly only in the samples containing high C contents (g/kg C >-45; Table  1 ). The exotherm at about 850~ was in the samples with a C content >-90 g/kg (Figure 3Ad ; Table 1 ). These results indicated that some organic ligands were decomposed only at very high temperatures probably because they were strongly bound to A1 ions or present in the interior of solid phases and thus protected from oxidation (as discussed below; Figure 4) . DTG ( Figure 3B ) and TG (not shown) analyses showed loss of weight mainly at about 160 ~ and 370"C. The higher the C content (Table 1) the stronger the Figure 2 . Scanning electron micrographs of AI precipitation products formed at pH 8.0 and at R = 0.025 (a), R = 0.05 (b), R = 0.1 (c), R = 0.25 (d), and R = 0 (f); and at pH 4.7 and R = 0.1 (e). R stands for the initial tartaric acid/A1 molar ratio. Bar = 500 nm. peak was at about 370~ which must be mainly due to oxidation of organic molecules. Small weight changes at about 460", 750", and 880*C were evident only in samples with high C content (Figure 3Bb) . Finally D T G of the material formed at pH 10.0, which showed the presence of pseudoboehmite and a C content of 25 g/kg (Figure l h and Figure 3Af ; Table 1 ), showed a continuous weight loss between 250 ~ and 520"C (Figure 3Bf) .
By heating the A1 precipitation products for 12 hr, respectively, at 100 ~ 200 ~ 300 ~ 400 ~ 600 ~ and 1000~ there was a great loss of weight (>80%) at the temperatures below 400~ (mainly between 200 ~ and 400~ The loss o f weight at temperatures higher than 400~ did not exceed 15-18% (data not shown). Figure 4 shows the influence of temperature on the C content in the samples formed at pH 8.0 and at an initial tartaric acid/A1 molar ratio of 0.1 and 0.25. At 200*(3 the C content slightly increased (from 45 to 59 g/kg and from 93 to 109 g/kg, respectively, for the sample at R = 0.1 and 0.25), because mainly water was removed at this temperature from the samples ( Figure 3A) . The loss of weight of these materials at 200"C was, respectively, 83 g/kg (R = 0.1) and 61 g/kg (R = 0.25). At 300~ there was a considerable decrease of C content in both the samples (31 g/kg at R = 0.1 and 70 g/kg at R = 0.25); at 400~ the C content in the sample at R = 0.1 remained practically unchanged (30 g/kg); that of the sample at R = 0.25 was drastically reduced (28 g/kg). Finally, at 600~ the C contents in both samples were very close (12 and 16 g/kg). At high temperatures (>-400~ the amounts of the organic residues still remaining in the network of the aluminum oxides were similar, regardless of the quantity of the organic ligands initially present. The organic molecules which were adsorbed on the external surfaces, or were less protected by the oxides, were apparently oxidized at lower temperatures. Figure 5A shows the specific surface (EGME) of the A1 precipitation products formed at pH 8.0 and at various initial ligand/A1 molar ratios (R). The sample formed in the absence of organic ligands (R = 0), which was a mixture ofbayerite (Figures la, 2f , and 3Aa) and shapeless material (TEM observation, not shown), had a specific surface of 285 mVg. The A1 precipitation products formed in the presence of low concentrations of tartaric acid (R = 0.01 or 0.025) showed a specific surface 1.4 and 2.1 times (400 and 610 mVg, respectively) higher than the material formed in the absence of tartrate. This is attributed to the inhibition of the crystallization of AI(OH)3 polymorphs (Kwong and Huang, 1975; Violante and Violante, 1980; Violante and Huang, 1985) . The distortion of the orientation of the unit sheets of A1 hydroxides, and the subsequent formation of short-range ordered materials (Kwong and Huang, 1979) , resulted in the formation of the fluffy surfaces (Figures 2a-2b) .
Clays and Clay Minerals
Surface area of aluminum precipitation products
The specific surface of the materials formed at R > 0.025 steadily decreased with increasing the R value. The surface area of the Al precipitation product formed at R = 0.25 was only 80 m2/g, about 8 times lower than the specific surface of the sample formed at R = 0.025 (610 m2/g). This remarkable decrease of the apparent surface area must be attributed to the cementing power of organic ligands co-precipitated with Al or adsorbed on the external surfaces of A1 oxides (Table  1 ; Figure 2d ). These results extended our previous findings (Violante and Huang, 1989) on the influence of tannic acid on the surface area of A1 precipitation products. We ascertained that by increasing the tannic acid/ A1 molar ratio from 0.01 to 0.1, the specific surface of the samples decreased from 560 to 360 mE/g, the surface area of these materials substantially increased after oxidation treatment by NaOC1 because of the removal of cementing molecules.
These results indicated that polydentate ligands in certain concentration range perturbed the growth of crystals and, thus, increased the specific surface. At higher concentrations these ligands promoted aggregation of the particles of the precipitates and consequently decreased the apparent surface area. Structural distortion and aggregation apparently occurred simultaneously, but aggregation was more prominent when the amount of the ligands in the solid phase was sufficiently high (Violante and Huang, 1984, 1989) . Figure 5B shows the surface areas (EGME) of the A1 precipitation products formed at R = 0.1 as influenced by pH. The specific surface of the sample formed at initial pH 4.7 was very low (68.0 m2/g), whereas the specific surfaces of the materials formed at higher pH values were much larger. The chemical composition of the samples formed at different pH (Table 1) showed that the C content decreased from 90 to 25 g/kg by increasing the initial pH from 4.7 to 10.0. Consequently, the lower the initial pH, the higher the amount of tartrate molecules co-precipitated in the solid phase. This promoted aggregation of the particles of the A1 precipitation products. The sample formed at pH 8.0 contained 45 g/kgC (Table 1) and had a specific surface about 7 times higher than that of the sample formed at pH 4.7 ( Figure 5B ), which contained 90 g/kg C ( Table  1 ). The material formed at pH 10.0 (25 g/kg C) had a specific surface lower than that of the samples formed at pH 8.0 and 6.9. This is attributed to its relatively higher crystallinity (presence of pseudoboehmite; Figures lh, 3Af , and 3B0. This trend was in accord with the specific surfaces determined by N 2 adsorption (Table 2).
The surface areas determined by EGME were much higher than those determined by N 2 adsorption, evidently because EGME molecules can be adsorbed on the external surfaces as well as the internal surfaces of macro-, meso-, and partial micropores (<20 ,~, Kwong and Huang, 1981) . Similar results were obtained by Egashira and Aomine (1974) who reported EGME surface areas of 700-900 mVg and 900-1100 m2/g for allophane and imogolite, respectively. Allophanic clays showed surface areas of only 145-170 mE/g when measured by N2 gas.
Effect of heating on the surface area and porosity of aluminum precipitation products
The specific surface, determined at 25~ by N2 adsorption, of the materials formed at pH 4.7, 6.9, 8.0, 7, 5.4, 6.0, 6.8, 8.0, and 10.0. and 10.0 were of 13, 54, 202, and 188 mVg, respectively (Table 2 ). The samples showed significant differences in the specific surface after heating for 12 hr at 200 ~ 400 ~ and 6000C. The specific surface of all the samples increased by increasing the temperature up to 400"C and then decreased. The increase of the specific surface was ascribed to the removal of strongly adsorbed water and organic molecules from the materials upon heating to 400~ (Figure 3) ; the decrease of the specific surface upon heating at 600"C appeared to be due to the collapse of pores and alteration of these samples. A similar trend was reported by Egashira and Aomine (1974) in their study of the effects of drying and heating on the specific surfaces of allophane and imogolite. They ascertained that heating at 200~ to 300~ increased the EGME and N: specific surface areas of allophane and imogolite, whereas heating at temperatures above 300* to 400~ decreased their specific surfaces. After heating at 200"-600~ the specific surface of the material formed at pH 10.0, which contained pseudoboehmite, was higher than those of the samples formed at initial lower pH values. Pseudoboehmite lost its crystallinity when heated for 12 hr at temperatures higher than 250~300~ (authors' unpublished data).
After heating at 600~ the specific surfaces of the materials formed at pH 8.0 and 10.0 were, respectively, 94 and 178 m2/g. The specific surfaces were still much higher than that of the sample formed at pH 4.7 (24 m2/g), although the amount of the residual C in the Al precipitation products was low (Figure 4) . Evidently, aggregation of the particles, initially promoted by organic ligands, still remained after the combustion of tartrate molecules. Imelik et al. (1954) found that an A1 precipitation product formed at pH 5.1 had a specific surface much lower than those of the samples formed at pH 7.1 and 9.1 (in the order listed) either at 20~ or after heating at 110~176
The pore volume of the materials varied from sample to sample and changed with heating ( Table 2 ). The pore volume of the A1 precipitation products generally increased upon heating up to 400"C and then decreased at 600~ The pore volume of the samples formed at pH 8.0 or 10.0 was higher at each temperature than those of the samples formed at lower pH.
CONCLUSIONS
The crystallization of A1 precipitation products was steadily perturbed as the tartaric acid/Al molar ratio was increased. The specific surface of these products increased by increasing the tartaric acid/A1 molar ratio up to a point, then steadily decreased with further increase of the tartaric acid/A1 molar ratio. Tartrate ligands hampered hydroxyl bridging mechanisms resulting in the formation of short-range ordered materials with higher specific surface compared with well-crystalline A1 hydroxides. Further increase in the concentration oftartrate ligands promoted aggregation of particles resulting in the formation of aggregated shortrange ordered materials. At a constant tartaric acid/A1 molar ratio, the specific surface and porosity of A1 precipitation products increased with rising pH, which was attributable to the lessened aggregation of particles due to the smaller amount of tartrate ligands incorporated in the precipitates. However, when the amount of tartrate ligands co-precipitated at very high pH was sufficiently low, both the specific surface and porosity of the precipitates decreased due to insufficient perturbation of crystallization. Thermal decomposition of the organic ligands resulted in the increase of both specific surface and pore volume of the precipitates.
Thermal stability of the organic ligands was evidently related to the protective effect of short-range ordered A1 hydroxides.
